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ULTRA HIGH RESOLUTION MOLECULAR BEAM CARS SPECTROSCOPY 
tfITH APPLICATIONS TO PLANETARY ATMOSPHERIC MOLECULES 

Robsrt L. Byer 


ABSTRACT 

We have successfully demonstrated high resolution pulsed and at 
CARS spectroscopy neasurements In pulsed and steady state supersonic 
expansions. We have characterized pulsed molecular beam sources, have 
observed saturation of a Raman transition and have, for the first time, 
observed the Raman spectrum of a complex molecular cluster. We have 
observed cw CARS spectrxim in a molecular expansion and observed the effects 
of transit time broadening. 

Our work has established supersonic expansions as a viable technique 
for high resolution Raman spectroscopy of cold molecules with resolutions 
of 100 MHz. 
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ULTRA HIGH RESOLUTION MOLECULAR BEAM CARS SPECTROSCOPY 
WITH APPLICATIONS TO PLANETARY ATMOSPHERIC MOLECULES 


Rob€rt L. Byer 


I . INTRODUCTION 

This program was Initiated with the goal of demonstrating high 
resolution spectroscopy of molecular gases under conditions encountered 
in planetary atmospheres. 

We proposed to investigate supersonic expansions as a means of 
obtaining molecules of sufficient density for Raman spectroscopy but at 
very cold rotational temperatures.^ Our program has succeeded to clearly 
show chat high resolution (~ 100 MHz) Raman spectroscopy is possible on 
both a pulsed and cw basis of supersonic expansion cooled molecules and 
molecular clusters. 

I I . ACCOMPLISHMENTS 

The key accomplishments of this research effort have recently appeared 
in print or are soon to be published. In this section these accomplishments 
are summarized. For a more complete review the publications have been 
included as Appendices Co this report. 

In 1980 we succeeded in obtaining Che first CARS spectrum in a pulsed 
molecular beam source. The results were published in February 1981 ^ee 
Appendices 1^2). The key points were the development of the pulsed super- 
sonic valve and the characterization of the expansion parameters. Also of 
importance was the observation chat the Raman signal-to-noise was excellent 
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In Che expansion even Co equlvalenc rocaclonal cemperacures of a few 
degrees Kelvin. 

The InCense beams used In Che GARS Inceracclon led to Che first 
observaclon of saCuraclon In a Raman speccrum (see Appendix 3) . This 
observaclon showed ChaC a fundamencal llmlc did exlsc on pumping Incensicles. 
More Importancly, Ic opened Che door for Che nexc level of resolution In 
Raman spectroscopy via saturation techniques. 

In mld-1981 a cw CARS experiment was attempted on a steady state CH^ 
expansion. The experiment was successful and led to the first observation 
of cw CARS In a supersonic expansion. Preliminary results were reported at 
the Laser Spectroscopy Conference held In Jasper, Canada In July of 1981, 

(see Appendix 4) . 

Also reported in the conference paper was the first observation of 
Raman spectrum of € 28 ^: argon clusters. This important result was published 
in a recent paper (see Appendix 5} . 

Studies of cw CARS in a supersonic expansion have continued. A soon to 
be published paper reports on Che first observation of transit time broadening 
in CARS. Work is continuing on line fitting of the resolved Q-branch spectra 
of CH, , (see Appendix 6 ). 

III. WORK TO BE COMPLETED 

We have made considerable progress in lineshape theory for CARS 
including transit time broadening. We plan to extend our work in supersonic 
expansion spectroscopy using both pulsed and cw sources. Our goal is to achi^ 
sub-Doppler resolution by saturation Raman spectroscopy. We have recently 


demonscrated a less Chan 1 tflz lincvldch Nd:YAG oscillator chat is 
a key componenC of sub-Doppler CARS spectroscopy. 

If research support Is forthcoming we should be able to deisonstrate 
saturation CARS spectroscopy in a molecular beam using the narrow band- 
width source within two years. 

We are also preparing for publication an analysis of the JET 
expansion for applications to spectroscopy. This will be part of 
Eric Gustafson's Ph.D. thesis along with papers describing D 2 pressure 
broadening measurements and measurements in a 60 um diameter glass 
microsphere. 
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A 100 ^sec, reliable, 10 Hz puieed supereonl^fi molecular 
beam source 

R. L Byer and M. 0. Duncan* 

Apfiitd HtyHa Dtfvmm SimtM L Gimam Laboratoiy of P^foa. Smitfard Uniotnitf, Stanford, 

CaUfonm94M 

(lUccmd 24 Oetobir 1910; Mocptad 4 Novtmbcr 19W) 


Wc (Mctib* • 10 Hx w prt i i oB rut, 100 ^mc diiiMiaii. niiabte paM i^mnic motaralr baam Motot. 
Maeiianical and tlictrieiJ dmta of tlie ptiM vcK* an pnn in dataiL ChancMnnica of tht wpanoaie 
cxpaaaiaaobtaiMduaiagcolMnntaati-StoiMallaawnipactraacoiiy (CARS) in acetyleiM an pniantad. Tlwy 
include pulae shape. |aa twatkmal and tnnalational cooling as a Aineiiaa of diat a nr a ftom tbs noiaia, 
clustering effects, and shock heating at the lending edge of the pulse. 


!. INTRODUCTION 

The unique propertiea o( a supersonic molecular beam 
make it an ideal system (or studying molecular proper- 
ties. For spectroscopy, the substantial collisional cool- 
ing which occurs during free expansion in a supersonic 
molecular beam source prepares molecules in their low- 
est energy states and results in a greatly simplified spec - 
trum . The very low translational temperatures 
achieved encourage formation of van der Waal complexes 
which can be studied using a variety of techniques.*’* 

After expansion, the coid, collision -free molecular 
beam can be skimmed and used as a source for scatter - 
ing, * photoionization, ^ or selective excitation studies. 

Until recently, however, the use of supersonic molec- 
ular beams has been limited by the cost and complexity 
of the required vacuum systems. In addition, the maxi- 
mum achievable density of a continuous molecular beam 
has been kept relatively low since it is also limited by 
the vacuum system pumping capability. In skimmed 
systems a differential pumping arrangement must be 
used to ensure a collision -free environment for the 
proriagating molecular beam . 

The use of a pulsed molecular beam source can over - 
come the above limitations to a large extent. A 100 
4 sec duration pulsed source operating at ten pulses per 
second has a duty (actor of 10** compared to an equiva- 
lent density continuous source. This allows the instan- 
taneous intensity of the pulsed source to be 100 times 
that of a cw source, but with only ^the pumping re- 
quirements. In addition, since the pressure before 
each pulse is low due to continuous pumping, the need 
for differential pumping schemes is eliminated. Each 
pulse expands freely into an already evacuated volume. 

As long as steady state expansion conditions are reached 
in a time short compared to the pulse length the major 
portion of the flow is identical to a continuous expansion. 

In this paper we describe in detail a reliable, 10 Hz 
repetition rate pulsed molecular beam source . Both the 
mechanical and electrical design is discussed. In addi- 
tion. detailed properties of the supersonic expansion are 
presented. The measurements show that steady state 


‘’Present address: Optical Sciences Division, Laser Physics 
Branch, Naval Research Latwratories, Washington, D. C. 
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conditions are reached quickly in the pulsed molecular 
beam. 

II. THE PUUEO NOZZLE 
A. Introduction 

Early attempts at building a pulsed molecular beam 
source resulted in relatively slow (>1 msec) solenoid 
actuated devices.' Recent designs, which achieved much 
shorter pulses, have been based on a pulsed valve de- 
veloped by Gentry and Qeze.* Pulse lengths as short 
as 10 psec have now been reached. A simple schematle 
of a Gentry and Gleze type pulsed valve Is shown In Fig. 

1 . The device consists of a hairpin loop of highly con- 
ductive metal . The loop is clamped on both ends and 
an insulator is placed between the top and bottom pieces 
of the open end. A hole is drilled in the bottom plate 
and then sealed by an "O” ring against the upper plate. 

A high peak current is pulsed through the hair pin loop 
to activate the pulsed valve, as shown in Fig. 1(b). The 
current sets up opposing magnetic fields between top and 
bottom pieces of the hairpin and causes a displacement 
of the top late. The displacement breaks the "O" ring 
seal and allows gas to escape from the high pressure 
region of the valve into a low pressure region. For 
short electrical current pulses, the pulse time is de- 
termined by the mechanical response of the upper plate. 

Despite the simplicity and elegance of this approach, 
there are many problems with the original Gentry and 
Gleze design. Physical dimensions of the device are 
small to keep the inertial mass of the top plate to a 
minimum, but this leads to resistive heating of the 
plate and, therefore, a low repetition rate. Current 




FKj. 1. simplified diagram of 3 Gentry and Gieze type pulsed 
valve (a) closed and (b) open. 
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pulses are delivered by spark rgap switched high voltages 
which can lead to arcing and unreliable operation. R 
was with these problems in mind that we decided to de- 
sign an Improved version ol the Gentry and Gieze pulsed 
valve. The design goals were to produce a reliable 
pulsed molecular beam source which could be used in 
conjunction with 10 Hz repetition rate pulsed lasers. 
Pulse length was not critical in our applications, but 
pulse lengths of approximately 100 were desir- 
able to minimize vacuum system pumping require- 
ments. We also wanted a design that would allow the 
interchange of nozzles and be readily accessed for re- 
pair. Finally, we wanted to provide for gas stream 
tlc-v through the valve for sampling and the possibility 
of heating or cooling the valve. Our original design 
called for operation at up to 40 atm of input pressure. 

The valve described below ovolved after a series of 
design changes In both the mechanical and electrical 
system . It is useful to summarize the early versions 
along with the reasons for later changes . 

The basic mechanical design of the valve has re- 
mained as shown in Fig. 1. However, earlier versions 
of the valve utilized mectianlcally stiffer copper coated 
spring-steel beams and spring -steel or phosphor-bronze 
spring bars, machined into an *T’-beam shape for more 
rapici mechanical response. It was soon found that the 
pulse energy required to open the valve was not com- 
patible with 10 Hz operation due to the finite conduction 
and limited convection cooling of the beam . This led 
to a mechanical design that utilized a simple bar of 
hardened aluminum which was more readily cooled but 
which also operated at longer pulse lengths. 

The early electrical system used a thyratron to pro - 
vide the rapid switching of the high peak current pulses . 
Although the thyratron was operated within its peak cur- 
rent and peak voltage rating, it was found not to be with- 
in its peak charge rating. The thyratron thus exhibited 
a short operating life of only 100 h before failing. .Fail- 
ure was likely due to sputtering of the control grid and 
loss of hydrogen gas in the tube. 

A careful consideration of the peak current and volt- 
age required for valve operation showed that a Silicon 
Controlled Rectifer (SCR) could be purchased that would 
handle the peak and average current pulses needed for 
valve operation. The SCR drive circuit is described 
below. 

B. Medianicsi dstign 

Figure 2 shows an exploded view of the pulsed valve. 
The main components are, from top to bottom on the 
diagram, spring bar (A), Mylar insulator (B), copper 
base bar (C). Mylar insulator (D). "O” ring (E). stain- 
less steel base plate (F). removable nozzle (G). and 
nozzle retaining ring (H). The end clamps (I), which 
hold both ends of the bar assembly tightly down, are 
shown above the spring bar. Two feed throughs (J) on 
one side of the base plate provide for current input and 
output. One feed through is simply a copper rod brazed 
in a hole in the base plate. Electrical contacts are made 
between top and bottom bars by a copper shim located on 
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FKj. 2. Exploded view of pulsed valve. 


the opposite side from the feed throughs. The thickness 
of the Mylar insulator between top and bottom bars is 
0. 05 mm (0. 002 in. ) ann the thickness of the Mybtr in- 
sulation between base bar and base plate is 0. 175 mm 
(0.007 in.). The end clamps are insulated by Mylar 
glued to their arches. The nozzle assembly inserts 
and makes an “O” ring seal with the base plate. The 
neck of the nozzle comes flush with the inside surface 
of the baseplate and seals against a number 001 “O” 
ring. This small "O” ring fits within a hole made in the 
base bar and both insulating strips and seals against the 
under side of the spring bar. 

The "O” ring has an i.d. of 0.71 mm (0.029 in.) and a 
cross section of 0.98 mm (0.040 in.). The spring is 3.8 
cm long, 3 mm wide, and 0.5 mm thick, with a mechani- 
cally active length of approximately 3 cm. The copper 
base bar has equivalent dimensions except for the bulge 
around the "O” ring hole. The 0.635 cn (0.25 in.) thick 
stainless steel base plate is 19 cm long (7.5 in.) and has 
mounting holes drilled on either end. The main body of 
the base plate supports a rectangular “O" ring which 
forma a vacuum seal with a large water cooled solid cop- 
per body. The copper body has gas Inlet and outlet lines 
and supports enough connecting bolts to allow operation 
at 40 atm plenum pressure . The total enclosed space 
in the valve, once connected with the copper body. Is 
approximately 10 cm’. 

Figure 3 shows two photographs of the pulsed valve 
assembly. Figure 3(a) shows the base plate with the 
assembled mechanical pieces and the copper body with 
water and gas lines. Figure 3(b) shows the valve com- 
pletely assembled and shows the nozzle assembly. A 
conical nozzle is shown in this photograph, but other 
nozzle shapes are also commonly used. At present the 
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(b) 


nc -I Phoioicruons ui ijJ jssembled iniernal components ol 
the pulseU valve anu ibl assembled valve showinit nozzle 


valve operates with a flat nozzle with a straight cvlin'iri- 
cal channel iS mm long and 0.5 nim in diameter. 

The actual spring bar material used is 6061T6 
aluminum. This material was chosen because of its low 
density fairlv high stiffness and good electrical and 
heat conductivities . When struck by an impulse lorre 
caused bv opposing magnetic fields, the spring bar re- 
sponds with Its natural frequency and executes sinusoidal 
motion. Only one -half oi a natural vibration ran occur 
due lo contact with the "O" ring. Using a well known 
formula lor the mechanical response of a beam with 
both ends clamped, we can calculate the natural beam 
■scillation Irequencv. It is given bv‘“ 

• M..-' . . n 

where • IS frequency, i the length ol the beam, p the 
lensitv 1 the cross-sectional area. E Young s modulus, 
the two dimenstonal moment at inertia, and . a con- 
stant which IS d.73 lor the lowest natural Irequencv ol 
tne tieam. 

Using the iimensions given above tor our spring bar. 
ano using nechanical const.inls lor hall -hardened alumi- 
•lum ve 'iiui Ih.il fi|. r gives a Irequencv >1 452 Hz 
or i hall -cvcle response lime ol 110 sec In practice 
•he 'orr g b.ir is bent iiiwnward slightly so that ii makes 


a good seal with the "0" ring. This sti 'ss biases the 
response of the bar so that It requires a large Impulse 
to open. It also slightly reduces the response time. 

C. Electrical design 

The schematic for the pulsed value electrical circuitry 
is shown In Fig. 4. A pulse charging power supply Is 
used to charge a 3S uF capacitor to voltages up to 1000 
V. A large hockey -puck silicon controlled rectifier 
(International Rectifier *600 PBQ 180) is used to dis- 
charge the capacitor and allow a high peak current 
pulse to flow through the conductors of the pulsed valve. 
A 2 liH inductor is added to the circuit to limit the rate 
of current change lii, ill to a value consistent with the 
SCR specifications 1 800 A/ psec). A diode is included 
in the front end of the circuit to prevent the capacitor 
from seeing damaging reverse voltage swings. A snub- 
ber circuit Is used to prevent high voltage spikes and a 
large trigger sign.al is used lo assure uniform SCR turn 
on. 


A typical electrical pulse produced by the circuit is 
30 4 sec long and reaches a peak current of 2500 A for a 
600 V charging voltage. The energy per pulse Is 6.3 J. 
giving a power dissipation throughout the circuit of 63 W 
at a 10 Hz repetition rate. Electrical connection is made 
to the pulsed valve by a few feet of heavy gauge wire 
which IS either in a twisted pair or coaxial arrangement. 
The SCR switch has proven to be very reliable over six 
months of operation. 

The resistive healing produced in the active parts of 
the valve during a current pulse can be calculated. It is 
approximately 2.5 W for the aluminum spring bar and 
1.0 W for the base bar at 10 Hz repetition rate. Ther- 
mal conductivity is good in both of these components so 
that there is no problem with local heating. Overall heat 
ing ol the valve is not a problem due to the water cooled 
copper bodv. Without water flow the valve slowly heats 
up until the thin Mylar insulation between spring and 
base bars melts. This results In an electrical short. 
Reliability ol the value is good as long as it is cooled. 

We estimate that the lifetime for the mechanical parts 
of the valve Is 5 ‘ lO’ shots. To date mechanical wea." 
and arcing have not been observed. Vh* onlv failure 
ol the valve occurred due to inadver.enl lack ol wafer 
cooling. There have been no probl jns with the solid 
state driving electronics where ope ration lifetimes of 
the SCR and capacitor are e,xpecied tc be in excess of 
10* shots. 
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0, fioniidai’Miont 

Th« mtciuiUcal raaponM of tht pulaod valvo la not In* 
•tantanaoua. At a drlvlnc voltaga of 600 V a dolajr of 70 
nfv bttwoM tlaetrlcai puUa and gu puiao la aatn. 

Thia dalajr la eauatd primarily by tht intrila of tht 
tprUif bar and Indleatta that It la not tht ptak valut of 
tht currant pulat that drlvta tht bar but ratha? tht total 
impulaa. Thla faa can bt uatd to advaittaft In ayattmt 
with mtehanleal rtaponat tlmta craattr than SO m ate by 
allowlnc a longtr tlaetrlcai pulat at a lowtr voltaga to 
achitvt tht aamt mtehanleal diaplactmtnt at ahorttr, 
higher voltage pulata. Tht only criterion to be mat la 
that tht tltctrical pulat be ahorttr than the mtehanleal 
rtaponat time. 

The dealgn of the preaent pulaod valve indleatta that 
a valve with ahorter open tlmta ahould be poaalblt to 
construct. The natural frequency of the apring bar la 
given by Eq. (1) and la proportional to where 

A la the eroaa -aeetlonal area of the beam and I la the 
two cdmenaional moment of inertia. For a rectangular 
l*bk^/3. where b la the width and h the height of the bar. 
Thia glvea the simple relation that frequency la propor - 
ttonal to the height of the spring bar and that doubling 
the thlcltneaa of our present spring bar would give a SO 
Msec response time. The energy needed to provide de- 
flections of the thicker bar equal to deflections of the 
thin bar now in use would be increased four times, giv- 
ing twice the present voltage and approximately twice 
the present heating. This doirs not preaent a problem 
since all parameters for the present valve are two or 
three times below maximum ratings for electrical com - 
ponents , The water cooling is capable of handling the 
increased heat load easily. 

III. QAS PULSE ANO SUPERSONIC EXPAbSION 
PROPERTIES 

The pulsed valve discuased in this paper was developed 
specifically for use in a laser spectroscopy e:q)eriment 
using the CARS technique. “ The branch of acetylene 
(CtH}) was initially studied. The spectrally resolved 
Q branch structure of acetylene provided an excellent 
indication of local rotational temperature. The complete 
experimental apparatus is described elsewhere* and only 
the parts relating to molecular beam parameters are 
dif 'ussed here . 

The pulsed valve is mounted on an x-y translation 
stage in the center of a 1 m dlam, 0.5 m high vacuum 
chamber. Stationary lenses focus and recollimate the 
interacting laser beams. The laser beams prO|mgate 
transverse to gas flowa. The face of the valve can be 
brought to within 1 mm of the focused laser beams or 
can be moved up to 10 cm away. The vacuum system 
is pumped by a single 6 in. diffusion pump with liquid 
nitrogen cold trap. The approximate pumping speed is 
650 l/sec. A quidrupole mass spectrometer used for 
molecular suecii s diagnostics is also in the molecular 
beam line. 

The pulsed valve is typically operated with 1-5 atm 
ot ^as in the valve body. .So leakage la observed when 
the valve is not pulsed, and an average vacuum of 3 



MMC 


FIC. 5. “Nude'' lonltstlon gauge signal of gas pulse from 
pulsed valve. Gauge was IS om from the valve ooaala and 
souree pressure was l atm of ethylene 


X 10** Terr la mai nt ained during operation. Tht pres* 
sure la low enough and distance ICKg enough ao that the 
molecular beam propertiei observed are completely 
unaffected by bac^round gas or scattered nu^eeules. 

A gas pulse from the valve Is shosm In Fig. 5. Thia 
meaauremsnt waa mads by monitoring the oidput of a 
“nude" ionisation gaugt IS cm from the vaive. The 
meaaured pulas length is very close to the opsetsd 110 
usee long pulat (wsdlctsd from Eq. (1). This pulat 
Itngth ia typical of moat madlum aiaed molacttiat at 
1-10 atm plenum pressures. 

To be equivalent to a continuoua flow, pulses from 
the pulsed valve must reach the ‘'chokeef flow regime.** 
This condition occurs when the valve has opened suffi- 
ciently far to allow preasure limited gas flow through 
the nozzle and ia indicated by flat-topped pulses. Fig- 
ure 6 shows observation of such flat-topped pulses. 

The method of obtamlng pulse shapes waa to delay the 
pijlssd valve opening relative to the pulsed lasers and 
observed the actual CARS signal as a (unction of the 
delay. Modulation of the flat top is seen and may be 
indicative of density fluctuations. The flat top of both 
(a) and (b) indicates that the valve has opened fully and 
that gas (low Is limited by pressure alone. Part (b) 
shows that as voltage to the valve is increased the 
chided flow region of the pulse lengthens, as it should, 
since the spring bar ia driven further from the “Q**- 
ring seal. Normally the pulsed vaive is operated at 
1. 5 times the threshold voltage to Insure steady state 
(low and to increase pulse-to-pulse stability. 

Expansion from a nozzle source into high vacuum re- 
sults in adiabatic cooling of the molecular flow. This 
cooling is a real re<hiction in Maxwellian velocity dis- 
tribution relative to the center of mass flow velocity. 
Welt known continuum expansions equations describe 
this process very well. The temperature and density 
are given by“ 

. ( 2 ) 
p=p«[uHv-i).M*r"-” . (3) 
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and fa la the Initial tamperatura, p« Uw initial danalty, 
r tha nolaettlar ratio of apaclflc ha^> D the nocala 
dlamatar, X tha dlatanca from tha noaala, A a eooatant 
which dapanda on y, and X, an axparlnMntally darlvad 
eoMtant. Rotational dacraaa of fraadon; thamally 
adttUU)rata very quickly with tha tranalailonal dafraaa 
of (raadom in tha axpanaum and bacoma a vary good 
proba of tamperatura ol tha axpanalon. 


Figure 7 ahowa a aaquanea ^ apactra of tha V| 9 
branch of acetylene taken by ualng the CARS technique. 
Figure 7(a) la a a«;att taken in room temperature atatic 
gaa ahowUig clearly the temperature of tha gaa by ita 
rotational Boltamaiui dtatrUmtlon. Acetylene haa a nu- 
clear spin degeneracy (actor of 3 : 1 for odd : even rota- 
tional atatea and thla ratio la enhanced to 0 ; 1 by the 
CARS proeeaa. Figure 7(b) la a acan taken in the mo- 
lecular beam 2. 5 mm, or at an X/D of S, away from 
the noaale. Cootlng la Indicated by the ahlft la peak 
rotational populatlMi and the apeetrum la fitted nicely 
ualng an 10 * K temperature. Farther along In the ex- 
panalon, at X/D ■ 20, temperature haa dropped to 30 *K, 
aa la Indicated In Fig. 7(c). 
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FIG. 7. Spaotra of Uw 9 braeeli of MMtyleaa Ukae with the 
CAM ceoluUqua la (a> aucie gaa. (bl la the oolaauUr beam « 
X/D>S, and (cMb the moleoitlar beam atX/D«20. 


A ayatematic atudy of axpamalon rotational tempera- 
ture (or acetylene va dlatanee from the noaale aria un- 
dertaken and the reaulta are ahowa la Fig. I. Alao 
ahown are theoretical plou at temperature va X/D for 
two different r’a. The y - 7/S line ewreaponda to the 
cooling which la predicted for acetylene ualng Eq. (2) 
and tha r ■ S/3 line la the ^edlcted cooling for a noMe 
gaa. Data (or acetylene at 20 and 40 pal plenum prea- 
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rtC '■ 0<u pulMc (rom ihc pulxad valve operated ai (a) 480 V TIC. 8. Plot o( rotatloiial Umperature la the aiiparaomc eapaa- 

and «bl at 5j0 V Tha ilat tup on the pulaea indicated choked aton verauaX/f). ThaoraUcal curvaa (or gaaea with r -7/5 aad 

(low > - S/3 are ahown. 
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•urc tndicata Uut tha actual ^ofiUng In th« kuparaontc 
expansion is not as great is predicted by theory. This 
is explained by attributing the temperature discrepancy 
to heating eifects due to clustering. Clustering can oc> 
cur in a cooling expansion whenever the local tempera* 
ture has dropped below the boiling point for the expand- 
ing gas and local density Is high enough to support three- 
btxiy collisions. Dimers, trlmers, and larger clusters 
form in the low temperature, high dsMlty gas and their 
heat of formation is released Into the expansion. The 
subsequent cooling produced in the expansion reaches a 
temperature higher than predicted by theory. The boil- 
ing point of acetylene is 190 ‘K and is reached very 
quickly in our expansion, indicating that clustering Is 
the cause of the high expansion temperatures. This Is 
verified by the magnitude of the effect as a function of 
temperature. The heating should be less severe as the 
plenum pressure is towered since this reduces the ex- 
(xinsion density. This is indeed the case as indicated 
by the data in Fig. 9. Expansion temperatures decrease 
.IS the plenum pressure is rechice-t from 40 to 20 psi and 
measuremenu at 5 psi indicate that li.c cooling is al- 
most as great as predicted by theory. Cluster forma- 
tion is also verified by mass spectrometer data which 
indicates a 4 and SI density of dimers in the expansion 
at 20 and 40 psi plenum pressi'ies, respectively. 

Expansion temperatures can be controlled to some 
extent by the addition of a noble gas, such as helium, to 
the plenum gas. The noble gas has a v of 5/3 and cools 
much more effectively in the expansion, as is shown by 
the cooling curve for v >5/3 in Fig. 8. For large ratios 
of helium to the gas of interest, expansion temperatures 
of less than 1 *K can be achieved. The effect is shown 
in Fig. 8 for a moderate ratio of 3 : 1 helium to acetylene 
where temperatures below those predicted for acetylene 
alone are achieved. 

Density in the supersonic molecular beam cannot be 
measured accurately using the CARS technique. Values 
of density, based on signal strength or slgnat-tc-nolse 
ratios, are only approximate. A somewhat more ac- 
curate measurement of density can be made using a 
calibrated ionization gauge. All measurements made 
in that way agree well with the density predicted by 
Eq. (3). 

An interesting feature of pulsed molecular beam is the 
possibility of shock heating during the leading edge of a 
gas pulse. Shock heating is caused b^* the interaction 
of the pulse with low density background gas. This ef- 
fect was predicted'* by analogy with classical gas dy- 
namic shock tubes. In a shock tube a high pressure gas 
IS suddenly allowed to expan** into a low pressure re- 
gion. The expanding gas six cks against the ‘'stationary" 
gas in the tow pressure region and cause a large heat- 
ing to occur in the leading edge of the expansion. In the 
case of the pulsed valve the expanding supersonic mo- 
lecular beam shocks against the low pressure background 
gas and heaU the beginning of the pulse. 

^h<K'k he.itirtg is indeed observed in our pulsed molec- 
ular i>e.im. Pulsed valve opening times are delayed 
relative to tlie laser interaction time and rotational 
!>pectra of ,he low density leading edge of the gas pulse 


art obuintd. Ttmpsniturc mtasurcmtnts from thtst 
sptclra Indlcatt that gas ttmptraturts arc fmtr tlatt 
higher inths first IS pstc of the gM pulse than predicted 
by Eq. (2). The <knslty of gas Is eo low that elitfterUii 
is not slgnifteaiR, so the heitlnc must be attributed to 
shock effects. 

IV. CONCLUSION 

In this paper we have preeented In detail the deelgn 
and characterlatlcs oi a pulsed, supersonic meleeular 
beam source. Improvtmerds In this source over previ- 
ously built pulsed molecular beam aourcts Ineludee high 
repetition rate, simple mechanical deelgn, reliable op- 
eratiiMi and low voltage, solid sute driving slectroolcs. 
Characteristics of the source have been obtained in large 
part by uaing rotattonai temperatures of the expaadiag 
molecular beam derived from the rotational epeetra of 
acetylene. These characteristics have been shown to 
follow theoretical predictions for low souret presmtres 
but are seen to be modified at high eource prMiurM by 
clustering and shock heating. 

The design and characteristics of this rsiiable, 10 Hz 
repetition rate pulsed nulecular beam source should 
encourage the uae of pulsed, supersonic molecular 
beams In an Increasing number of applications. 
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Pulsed supersonic molecular-beam coherent anti-Stokes Raman 

spectroscopy of C2H2 
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We have obtained a high>resoiution coherent anti-Stokes Raman spectrum of CtHj in a piilssil mnhniler beam and 
have used the reaoivad Q-braneh spactrum to study the properties of the expanoion. Cluster formation limited the 
minimum oheerved rotational tamparature in the pura-acatylana tipanaion to 30 K. 


The possibility of performing high-resolution coher- 
ent anti-Stokes Raman spectroscopy (CARS) in a mo- 
lecular beam was theoretically inveatigated over one 
year ago by Duncan and Byer.‘ In this Letter we report 
the first known high-resolution CARS in a pulsed su- 
personic molecular beam. 

The advantages of Raman spectroscopy in a molec- 
ular beam include increased signal resulting from 
spectral simplification from rotational cooling on ex- 
pansion, sub-Doppler linewidths, and the possibility of 
studying complex molecules. Initial estimates of the 
required laser power and expected sigiial-to-noiae ratio 
were promising but not encouraging. ‘ 

Recent advances in pulsed nozzle sources^ and in 
high-power single-mode laser sources^-^ have made 
CARS and Raman-gain spectroscopy in molecular 
beams possible. Low-resolution CARS of a continuous 
nik.roge>i supersonic flow has been demonstrated.'^ and 
recently cw CARS measurements of CH 4 have been 
obtained in a continuous supersonic flow.*’ Almost 
coincidentally with this work, Valentini et aiJ have 
obtained high- resolution inverse Raman gain spectra 
of CH« in a continuous supersonic jet. 

The high molecular density in a pulsed supersonic 
How and the reduced vacuum-system pumping re- 
quirements are advantageous for molecular-beam 
CARS studies. In addition, the unique properties of 
the pulsed supersonic jet make it an interesting topic 
for further study. Acetylene was chosen for this study 
because its resolved Q branch** is an ideal probe of the 
supersoni ' jet parameters. In addition to linewidth- 
narrowing effects, we report measurements of rotational 
temperature co«)ling versus plenum pressure and dis- 
tance from the nozzle and rotational heating from 
cluster formation. 

The experimental apparatus shown in Fig 1 consi.sts 
of three principal subsystems: a pulsed molecular- 
beam source ( pulsed valve), a single axial-mode unstable 
Nd:YAG oscillator, and a Nd:YAG-pumped dye am- 
plifier chain. The Q-switched unstable- resonator 
Nd:YAG oscillator is operated in a stable single axial 
mode by a recently demonstrated injection-locking 
technique.’ ® 1 a<) of energy from a non-(^-switched 
single-axial-mude TEMno-mode Nd:Y.AG oscillator is 
injected into the unstable-resonator oscillator, leading 


to single axial-mode operation at 200-inJ output energy 
with a Fourier-transfonn-limited Unewidth lees than 
100 MHz. The output of the unitableresonaUMroedl- 
lator is split, amp Tied, and frequency doubled in 
KD*P. One green beam is used for the pump in the 
CARS interaction. The second beam is uaed to pump 
a three-stage dye-amplifier chain, which ampliflee a 
100 -mW cw dye laser up to 1 -MW, 4-nnK, Fourier- 
transform-limited pulses with a Imndwidth of 140 
MHz.® The dye-laaer source is tuned to the Stokes 
frequency and combined coliinearly with the pump 
beam, ^th are focused tightly into a region in front 
of the pulsed nozzle. 

The pulsed nozzle is an improved version of the 
original Cientry and Gieae design.® H operates by 
mastic repulsion of a spring bar, which sits above an 
0-ring seal. A 30-Msec, high-current pulse opmis the 
valve and allows the gas to flow into a cylindrical 
channel 6 mm long by 0.5 mm in diameter. Ttw 100- 
^sec-long, 10 -Hz repetition-rate pulses expand into a 
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Fig. 1. Experimental arrangement for recording pulsed su- 
personic molecular- beam CARS spectra. 
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Pif. CARS spectra of the in Q branch of acetylene et 1974 
cm~'. (el Static gsK 20-Torr preea u ia. 300 K. (bl Pulsed 
supersonic jet: 20*pei beckii^( pressure. 80 K; <0.5-mJ, 
0.S320-am enericy. (cl Pulsed supermnic jet: '20<pei becking 
pressure: 30K; <0.5-nU. 0.S320-uin energy. 


3 X 10~*-Torr vacuum, which is maintained by a small. 
15.24-cm-diameter diffusion pump. The puhi^ noixle 
is mounted on a translation stage, which allows mea- 
surements to be mMle at various distances from the 
nonle. 

For the measurements reported here, pure acetylene 
at plenum pressures up to 4 atm was used. The laser 
beams propagated transversely to the molecular- beam 
axis and were focused to a ,10-am-diameter spot in front 
of the nozzle. The generated anti-Stokes beam was 
separated by prism- and grating-dispersing elements, 
passed through a spike filter, and directed onto a pho- 
tomultiplier cathode. Background and scattered light 
were not a problem. The signal was processed by a 
boxcar integrator and fed to a minicomputer for storage, 
plotting, and analysis. 

Figure 2(a) shows a resolved Q-hranch spectrum 
of acetylene taken at 20 Torr in static gas. The even- 
odd 1:3 nuclear-spin degeneracy factor, enhanced to 1:9 
by the nonlinear CARS resp«)nse, is clearly seen. This 
300- K scan has a 143-MHz FWHM Doppler-width 
contribution to the measured linewidth of 400 MHz. 
The dye-laser linewidth and i;50-MHt frequency jitter 
of the Nd:YA(i laser that is due to thermally induced 
cavity-lerglh changes contribute to the observed line- 
width. Saturation broadening and ac Stark broadening 
also contribute to toe measured linewidth. 

Figure 2(b) shows the acetylene spectrum in the 
pulsed molecular beam at a distance l.f> mm or five 
nozzle diameters downstream from the nozzle. A sig- 
nificant decrease in the rotational temperature is evi- 
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dwt. at it a reduction in the lintwkith firom 400 to 300 
MHt. Plgw 2(c) thowt the apactimn^tditfinca 10 
mm or 20 nnole diamtttrs Orom the nonla. At thk 
dhttanca, the affactiva gas danaity ia only 0.2 Torr, and 
the hai nearly achieved its maximum cooUi^. 

Spactra wara takan at a aariaa dittaneaa friim tha 
noxila 80 that tamparatura couhl ba accurataiy datar- 
minad and comparad with tha walltknown contia- 
uum-axpantion aquation for supersonic flow^*^ given 
by 


where 

M- 


T - To/fl + (1) 



( 2 ) 


is tha Mach number, y is tha ratio oi spactik haata, A 
is a con^ant datwmined by y . X is tha dittanca, D it tha 
nozzle diamatar, and Xo is an azpwimmital^ datw- 
minad constant. In tha praaant axpanntHi. y 
(rotational degrees of fiaadom only). Tim nuclaar-^wn 
states remain at room tamparatura throughout tha ex- 
pansion. 

Figure 3 shows a plot of tha maaaurad and theoreti- 
cally predicted routional tamperaturaa varsua diatmtce 
from tha ntMBla. Tha mauu^ tamperaturaa at large 
X/D are approximately 20 K abo^ the predict^ 
temperature for 20-pai 40 K above few 40)-pai acet- 
ylene prasauraa. Wa attribute this tampwatura dte- 
crapancy to dimer and larger clutter formation anth a 
resultant heat ralaasa.^' This is varifiad by a low- 
pressure eximnsion at 5 pai, which, for X/D ■ 5, falls 
vary cloae to tha tlworeti^ curve. VPa have kx^ad for 
acetylene diroars with a mass spectrometer and liava 
found approximately 4 and 8% for 20- and 40-pei praa- 
suras. From this dimer-formation percentage (a lower 
bound) and from the measured temperature difference, 
we estimate that the acetylene van dar Weals dimer 
binding energy is approximately 390 cm~*. 

We have looked for and obMrvad an increase in 
acetylene temperature near tha leading edge of the 



Fig. ;i. Plot of temperature versus distance from a supersonic 
nozzle. Distance is given in units of D. the nozzle disraeter. 
D ■ ().,') mm. and initial temperature was 300 K. 
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100-mmc puIm. This tompermturo iocTMoo WM pn> 
dictod*^ by antkcy with slMick-tutM bthavior. Tho 
oMMufod shock tMBpmtui* WM 40% giMtw than Um 
stsody-sUt* temporsture obtsinod in tlte root of the gas 
puko. 

The combinatioa of • pukod. suptraonic mokcukr 
boun snd its incrcasod gas density, greatly reduced 
pumping requiremmitB, and spec^ simplification 
because expansion coolit^, t^thw arith coherent 
Raman spectraecopic tediniques, provkks for the first 
time to uur knowledge the poasibility of p^orminf 
high-resoluti(Hi Raman studies of complex m oiecu ks. 
The present experiment deasonstratea that molecu* 
lar-beam CARS has more than adetpiate aignal-to>noke 
ratio and resolution to becmne a useful apectroscoim 
tool for these studies. 

We want to acknowledge the aasktance of Isaac Baas 
and Frederich Konig, the aasktance of M. A. Henesian 
for use of his CARS line-shape theory and program, and 
the su|iH>*>rt provided by Um National Aeronautics and 
Space Adminktration through contract N^2372 and 
the Nationai Science Foundation through contract 
CHET91-12673. 

* Visiting scholar from Freiburg University, Freiburg. 
Germany. 
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RAMAN SPECTRUM (CARS) OF ACETYLENE IN A PULSED MOLECULAR BEAM 
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Reported it (he Cirtt observation of taturaiiun broadenine in a high-teso(ution uohereni Raman spectrum of the »] Q- 
branch of acetylene. The measuicU saturation broadenuie of lOSO MHz is s%nifkantly steater than the calcubted ac 
Stark broadening ol' less than 100 MHz. 


In this letter wc report the observation of satura- 
tion broadening in the high-resolution coherent Raman 
spectrum of acetylene. Saturation effects have been 
obser ed and studied in dipole allowed [ 1 1 and even 
two-photon spectroscopy [2), but not until the ad- 
vent of high peak power lasers and coherent Raman 
spectroscopic techniques has saturation become im- 
portant in Raman spectroscopy. Saturation has been 
discussed in relation to stimulated Raman gain spectros- 
copy [3 1 (SRGS) and coherent and anti-Stokes Raman 
spectroscopy (41 (CARS), but no attempt has been 
made to measure or calculate its effect on linewidths. 
Recently saturation has been proposed [S| and used 
(3 1 in a Raman analog to normal saturation spectros- 
copy. 

In this letter we present calculations which de- 
scribe the effect of saturation broadening on spectra 
obtained using the CARS technique and present ex- 
perimental data showing saturation broadening on 
spectral linewidths of the i '2 Q-branch of acetylene. 
Saturation occurs in a CARS interaction when there is 
sufficient perturbation of the molecular ground-state 
population due to stimulated Raman scattering (SRS). 

* Present address: Naval Research Laboratories. Washington 
D C.. USA 

* Visaing scholar from Freiburg University. I'reiburg, W. 
Germany. 

' Visiting scholar from Heidelberg Untvenity, Heidelberg. 

W Germany. 
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The CARS signal strength for a low-density gas is 
given by [6] 

+r 2 )j. ( 1 ) 

where cj, and cdp are anti-Stekes, Stokes and 
pump frequencies. .5N is the population difference 
between ground and excited molecular states. do/dI2 
is the spontaneous Raman scattering cross section, 

/p is the pump laser intensity./*, is the Stokes laser 
power, L is the interaction length. Acj is a detuning 
factor given by cd - (Wp - w,) where w is the molec- 
ular transition frequency of interest, and P is a con- 
volution of ail natural and laser linewidth factors. 

SRS occurs simultaneously with the CARS process 
and may significantly affect the population difference 
JJV. at high laser intensities. For the case of pulsed 
lasers with pulse lengths less than population decay 
rates, the transient perturbation of ^ caused by SRS 
is described by 

d(<I/V)/d/= -(ANKSjr-c'/ft^cjpCdjXdo/dn) 

X /p/,ir/(dw2 + r^)i. (2) 

where /, is the Stokes laser intensity and all other 
quantities have been defined previously. Saturation 
causes a decrease in and hence in the CARS signal 
on line center, as can be seen from eq. (2). but causes 
a smaller decrease off line center. This has the effect 

253 
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ot tiattening and broadening a line. Eq. (2) can be in- 
tegrated to pve 

exp{-4y,ir/(dcj- ♦ rh]t}, o) 

where is the population difference before the 
laser interaction and 

A = (8ir-c-/R^WpUJj^)do/dn 

IS th: interaction consunt. Damping terms have been 
left out of cq. (2) since typical radiative decay life- 
tiines and low-pressure collistonal lifetimes are assum- 
ed to be greater than the laser pulse widths. 

Eq. (3) must be integrated over the interaction time 
r to determine the population perturbation effects on 
the CARS signal strength. The result after squaring is 

(AAfl‘ 1 -cxp{-L4/p/,(r/(Aw- + r^)|r} 

= (4) 

f^o)- 2AIpI,\ri{^- + r)Jr 

We can obtain an approximate value for the saturation 
linewidth by using eq. (4) as a multiplicative factor in 
eq. ( I ) to obtain the signal maximurr, /^, and signal 
half maximum j/,, as a function of Ip, /, and detuning 
.4(0. Combining these equations we obtain 

I - exp(-14/p/,r/n 2.4(of^2 ^ 

1 - exp {-14Vpir/(A(oJ,2 + r^)) r } 2.4<oi,2 + ' 

(5) 

where •4 cJ)/ 2 is the detuning needed to achieve 
Tins equation must be solved iteratively to find values 
of Acj|y 2 ^ 3 function of Ip and /,. The fwhm broaden- 
ing due to saturation is 22 i« 0 |/ 2 - 

Eq. I SI is useful for obtaining an approximate satu- 
ration broadened linevmdth. However, to predict the 
effect of saturation on the CARS tineshape at arbi- 
trary detuning or for complex spectra a more detailed 
theoretical treatment must be followed which couples 
the stimulated Raman induced population change with 
tlic CARS lineshape theory (7.8|. 

Die experimental apparatus used to observe satu- 
ration in a CARS interaction is shown in fig. 1. The 
apparatus was designed to allow high-resolution 
Raman studies of molecules in a supersonic molecular 
beam and is described in more detail elsewhere [9|. 

The apparatus consuts of three principal subsystems: 
a pulsed molecular beam source (“pulsed valve”), 
a single axial mode unstable Nd . Y AG oscillator [10]. 

:S4 



Fig. t. Experimental apparatus for pulsed motecuiar beam 
CARS spectroscopy. 

and an Nd : YAG pumped dye ampUHer chain. The 
output of the Nd ; YAG laser is split, amplified and 
frequency doubled to S32 nm. One green be.im is 
used as the pump frequency in the CARS interaction. 
The second beam is used to pump a three-suge dye 
amplifier chain which amplifies a 100 mW single-fre- 
quency cw dye laser up to O.S MW peak power. The 
dye laser source is tuned to the Stokes frequency and 
combined collinearly with the pump beam. Both are 
focused tightly into the central region of an expanding 
molecular beam. The molecular beam is pulsed in syn- 
chronism with the 10 Hz lasers and produces a 100 m 
long burst of coUisionally cooled molecules of «I0‘^ 
mol/cm^ number density (11). The signal produced 
at the anti-Stokes frequency is separated from the ind- 
itent beams by prism and grating dispersing elements, 
filtered, and detected with a photomultiplier. 

The tight focusing conditions and high peak powers 
d' the mteracting laser beams are responsible for satu 
ration. In our case energies of 0.1 and 1 .0 mJ in the 
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Stokes and pump beams respectively, are enough to 
signiflcantly perturb the population difference 
Fig. 2 shows a sequence of spectral scans of the Q- 
branch of acetylene at successively higher pump ener- 
gies. The 3 : 1 odd : even nuclear spin degeneracy fac- 
tor for acetylene is enhanced to 9 : 1 by the CARS 
process. Fig. 2a shows the unperturbed spectrum with 
dearly resolved Q-bnnch lines. Fig. 2b shows signifi- 
cant broadening brought about by an increase in 
pump energy to 2 mJ. Along with the broadening 
there is a change in relative intensities between differ- 
ent lines. Fig. 2c shows strong saturation broadening 
at 4.S mJ of pump energy. At this pump intensity 
*•30% of the population has been induced to the 
upper level. 



0 X • • t lo IX 14 i« le 20 xa t« 
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Fi|. 1 CARS tpectn of the >>i Q-brudi of icetylene. (a) Un- 
pernubed spectnim at 0.4 mi S320 A eneriy. (b) >ame ipec- 
trum with 2 mi S320 A energy, (c) ame ipectnim with 4.S 
mi 3320 A energy. In all spectra the Stokea energy at 3944 
A wu kept at 0.1 mi energy. 


The ac Stark effbct is another line broadening 
mechanism which occurs at very high laser intensities. 
Recently Rahn et ai. [12] presented a classical theo- 
retical treatment of ac Stark broadening along with 
expwimental results for the CARS interaction. Using 
the acetylene molecular constvits we calculate an 
ac Stark broadening for acetylme of 3.3 MHz/GW 
cm^. Using the measured value of intensity of 3S GW/ 
cm^, at 2 mJ input energy for the present CARS ex- 
periment, we obtain less than 100 Mlb for Stark 
broadening. Comparing this to the measured saturation 
broadening at 0.1 mJ Stokes and 2 mJ pump energies 
of 1050 MHz and the caloiiated broadening using eq. 
(5) of 1 ISO MIta, we see that ac Stark broadening 
plays a small role in the observed spectral broadening. 
To verify this, we lowered the Stokes energy below 
0.1 mJ while keeping the pump energy constant and 
observed a decrease in the browning. This is to be 
expected for saturation broadening which is depen- 
dent on the product /p/,, but is not to be expected 
for Stark broadening, wMch depmds on the sum of 
intensities. 

In conclusion we have observed line broadening 
due to population saturation in high-resolution co- 
herent Raman spectroscopy of C 2 H 2 in a pulsed super- 
sonic molecular beam source. Saturation broadening 
sets another limit on the ultimate sensitivity and resc^ 
lution of coherent Raman spectroscopic techniques. 
However, it also offers the possibility of new measure- 
ment techniques based on the induced population 
shifts. 
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I. Introduction 


The advantages of noleciilar beam Coherent Anti-Stokes Raman Spectroscopy 
Include Increased spectral resolution from sub-doppler linawidths, improved 
signal-co-noise resulting from spectral simplification due to rotational 
cooling upon expansion, and the possibility of studying molecular cosq>lexea 
generated by the expansion process. In this paper ve report recent high 
resolution studies using pulsed laser sources combined with a reliable 

pulsed molecular beam source and Che first cv CARS measurements in a steady 
state high Mach nuisber supersonic expansion. 

High resolution pulsed molecular beam CABS measurements of the Q-branch 
of acecyleneumre used to characterize Che properties of the pulsed molecular 
beam expansion. The onset of saturation broadening in a R a m a n spectrum was 
observed for the first clma in the resolved Q-branch spectrum of expansion 
cooled acetylene. The previously unresolved \>2 Q-branch of ethylene was 
resolved in the expansion cooled spectrum. 

Ue have obtained the first high resolution cw CARS spectra of the CH 4 
Q-branch In a steady state supersonic expansion. The supersonic Jet 
expansion is a very useful spectroscopic cool that provides a convenient 
method of generating a range of molecular temperatures and densities. We 
observed, and have included in the CARS llneshape theory, the effects of 
transit time broadening evident in Che tightly focused geometry used to 
obtain the supersonic Jet CARS spectra of CH 4 . 

2. Pulsed Molecular Beam CARS 


The possibility of high resolution CARS spectroscopy in a supersonic 
molecular beam was theoretically analyzed by DUNCAN and BYER [l] in 1979. 
Initial estimates of the required laser power and resulting signal- co-noise 
ratios showed that conventional effusive molecular beam sources could not 
be used in the proposed measurements because of their inherently low 
molecLilar density. The molecular beam CARS experiment was, therefore, 
designed to utilize the pulsed nozzle source introduced by GENTRY and 
GIESE [ 2 J . Simultaneously with the development of a 10 Hz, reliable, 
pulsed nozzle [3j a high peak power, single axial mode, unstable resonator 
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■ OF POOu g: . .U5TY 

Nd:YAG sourc* wM succMsfully dwonacraead using injsccion locking 
tschniquM [a] . A Nd:YAG puapod dyn saplifior chain waa also laplaaaacad 
Co provids high paak powar anplUiad output from a cw dya laaar sourea. 

Tha doubled HdsYAG sourea and tha dya laaar aourea both oparatad at 
Fourier eranaform linawidth liaita near 100 ^fis■ Tha laaar aourcaa ara 
daacribad in aora datail in • Pigura 1 aho%n a achaaatic of puXaad 
■olacular baaa CABS apparatus. 



Fig.1. ExnfiiaMfl MTnymut ttm pulufj m 

parsofue moiacuiar*bMm CARS •ptetn. 

r - ro/(i + »^(7 - DAf*]. ( 1 ) 

where 

( 2 ) 


Ourdng tha construction of our 
pulsad Mlacular baaai CABS 
apparatus ahoun in Fig. 1« low 
rasolueiott CABS of a continuous 
nitrogan suparsonic flow was 
danonatratad by HUBEB.-UALCBLX, 
GUIHALS and HIBLEB [t] , aarly 
results of cw CABS of CB4 in a 
suparsonic jat ware reported [s] 
and a sariaa of high rasolutimi 
Rasum Gain Spectroscopy aaaaura- 
manta of CH4 followed by ocher 
mlaculaa wars obtained by 
VALENTINI, eSHERIOi: and OWTODRG. [9} 

Tha principal advantage of tha 
supersonic molecular beam In these 
axparlaanta is the spectral 
si^liiication provided by tha 
reduced rotational taaparatura. 

Tha camparatura for a continuum 
expansion in a supersonic Jet is 
given by [16] 


is tha Mach nioibar, Y la the ratio 
of specific heats, A is a constant 
dacarainad by Y 1 X is tha 
distance from tha nozzl's and D 
la tha nozzle dlamater. 


We have used CABS spectra of the V2 Q-b ranch of acetylene where 
Y ■ 7/5 Co verify the expansion cooling provided by tha pulsed nozzle. 

The measurements showed that during the steady state expansion phase of the 
100 usee long gas pulse esuLtted by the nozzle (1) is Indeed obeyed when 
dimer formation is not significant at low gas densities. At higher gas 
densities dimer formation, with the resultant heat release [llj , prevents 
cooling CO Che cheorecically predicted ccmperacures. Figure 2 shows the 
Q-b ranch spectra of acetylene obtained in a static cell, at 80*^K and at 
20^X expansion temperatures. Figure 3 shows che rotational temperature 
in Che supersonic expansion vs X/D. Dimer formation clearly prevents 
acetylene from reaching predicted cemperatures except at low gas density 
or when seeded in helium. 

The spectral simplification provided by che supersonic expansion is 
illustrated by che V2 Q-branch of echyflene. Figure 4 shows che 
spectrum at room temperature in a static cell at 60 torr pressure. 
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FIG. 2-—Speccra of Ch« V 2 Q-branch 
of acetylene taken vlth the 
CARS technique in (a) static 
gas (b) in the molecular 
beam at X/D * 5 and (c) in 
the molecular beam at 
X/D - 20. 





I/O 


FIG. 3 — Plot of rotational 

temperature in the super- 
sonic expansion vs X/D. 
Theoretical curves for gases 
with Y ■ 7/5 and Y ■ 5/3 are 
shown. 



FIC. 5—CARS spectra of the v? 

Q-branch of ethylene at 
X/D ■ 5 at various input 
pressures and seeded in 
helium. 
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Flgurt S shova eha aama apaccrua ac suecaaaivaly coldar locaclooa along 
eht Jat axpanaion. Tho tanporacuraa Indlcacad In figura ara aatlaacaa 
baaad on cha known rocacloni^ constant for athylaua and a bast fit to ths 
anvalopa of eha rotational coaponant aoplltudas. Efforts ara undar way to 
fie eha spacerua and eo dataraina aora praclsa athylana apactral constants* 

Ths abova aolacuiar baaa CARS spactra wara gar^iratad with Input puisa 

anarglas of lass chan 1 aJ. Highar 
Input anarglss uaar S aJ land to 
aaturaelon broadaning of tha Raaan 
spactrim. Tha population changaa 
inducad by sclaulaesd Raaan scattsring 
Jaad in cum co significant spaccral 
broadaning. Wa hava obaarvad 
sacuraclon broadaning In tha 
expansion cooled acatylena spectra 
as shown In Fig. 6. ]u] . 

Saturation broadaning sats a limit 
eo cha sansltlvlcy of cha CARS 
process In high resolution stridlas. 
laprovaasncs In sensitivity can be 
gained by decreasing tha Incident 
laser powar In cha interaction 
focal volume by either Incraaaing 
cha focal spot size or by increasing 
Che pistp and probe laser pulse 
widths. Tha latter option la 
desirable as It also leads to 
improved Fourier transform 
llmiced laser linawidths. However, 
longer pulse lengths are not easily 
achieved under normal Q-switched 
laser operation. 




FTC. 6— CARS speecra of the V2 
Q-branch of acetylene, 
a) unperturbed spectrum ac 
.4 mJ 5320 A energy b) at 2,5 oJ 
c) same spectrum with 4.5 oJ 
5323 % energy. In all spectra 
the Stokes energy at 5944 A 
was kept at .1 oJ. 


The early onset of saturation in 
Che molecular beam Raaan spectrum 
of acetylene suggests that Raaan 
sacuraclon spectroscopy, in the fora 
first demonstrated by OWTOUNG and 
ESHERICK [l3| , is a practical approach for sub-Ooppler Raman spectroscopy. 
The shift of substantial population into the Raman level also suggests ths 
possibility of state elective collisional transfer studies. Step wise 
ionication from the Raman level followed by detection of the ion or Raman 
ionication spectroscopy, is also possible. 


There is interest in obtaining Che Raman spectra of van der Weals complexes 
for the determination of the structure of these systems. The formation of 
complexes in Che p'.'.lsed molei'ular beam expansion led us to search for a 
Raman signal due to ehcylene complexes. Early results were encouraging in 
chat a broad peak shifted 4.3 cm**^ from the previously resolved 
Q-6 ranch peak of ethylene was observed. The magnitude of the peak^varied 
with input pressure squared Indicating either an ethylene complex or 
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FIG. 7— CA£S spaccra of a auporaonlc 
moltcuiar boaa of an echylana/argon 
nixcura. Tho athylana preaaura was 
cons cant for all aaasurtmanca , 

(0.27 acm.). The peak ac 1623 
is Che unresolved Q-branch of Che 
V 2 vibration of C 2 H 4 . The peak ac 
a smaller Raman shift is due Co Che 
ethylene ao locular complex. 


ethylene/ argon complex was preaenc. 
Figure 7 shovs the CABS specerta 
taken at 1 ca"^ resolution. The 
peak at 1623 ca*^ la the previously 
resolved (see Fig. 5) • V 2 Q-b ranch 
of ethylene. Measureaencs vs 
position frea Che nosale showed 
chat Che coaplcs began foraing ac 
X/D ■ S, Che signal strength 
increased to X/D • 10 and chan 
deersased due to the decrease in 
density with further expansion. 

Spectral scans atceapeed ac 
higher resolution did noc resolve 
structure in the speccrua but 
instead led to a significant 
decrease in signal strength chac 
was suggestive of prs-'disaociacion 
of Che complex. These results are 
preliminary and must be confirmed 
by further measurements. 

Our pulsed molecular beam CARS 
system has now operated reliably 
for more chan one year. Contrary 
CO early expectations, meaeurements 
at good signal-co-noise with leas 
Chan 1 mJ of input energy have been 
readily achieved. The combination 
of Che single axial mode pulsed 
laser sources and che reliable 
pulsed nozzle have allowed 
significant advances co be made in 
high resolution Raman spectroscopy. 


3. cv Supersonic Jec CARS 


Supersonic cooling in steady state flows can be achieved in che laboratory 
using available vacuum pukps if che nozzle diameter is less chan 
app: oximacely 1 mm. We have conscrucced a 4 am diameter supersonic Jec 
backed by an old nitrogen laser vacuum pump. The jec is enclosed in a 
1 cm X 1 cm dye laser cuvecce for easy optical access. Control of che 
back pressure and of che input puressure allows a wide range of Mach flows 
up CO Mach 3 co be generated ac minimum gas consumption. The supersonic 
jec was used in cw CARS studies of Che flow density, cemperacure and 
velocity. The study showed chac che supersonic jec is an inexpensive, 
straight forward method of generating molecular pressures from 1 atm co 
less chan I corr with corresponding cemperacures from room cemperacure co 
less than ZO'^K under ver^ well controlled conoitions. 
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FIC. 8— Schenaclc of ch« supersonic jec expansion shoving Che location 
of Che CARS measurements along the Jec axis. The dashed line 
indicates Che barrel shock and Che wavy line che location of 
Che Mach disk, cv CARS spectra of CH^ Q-branch at che temperatures 
indicated. The dots are the data, che sclld line che calculated 
spectra. 


A scheaacic of che supersonic jec vlch spectra of che methane Q-branch 
taken ac three positions along the expansion is shovm in Fig. 8. The 
spectra were taken using che cv CARS apparatus described previously [l4j . 
Spatial location in che supersonic jet was assured by using a eight 
focusing geometry with 3.7 cm focal length lenses providing a 2 um spot 
sire wich 90* of che CARS signal generated in less chan 100 um length. 

Ic is incerescing Co note chac less Chan 10^ molecules were in che 
interaction volume of 6 x 10"^*^ cm'^ ac 10 corr pressure. 
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Th« 8p«ccral slapliflcacion of ch« tMChan* Q*branch to th« ground 
quantum scat# la illuacratad in tha T • 30^ apactrua of Fig. 8. Bara 
cha J ■ 0, 1 and 2 rotational coqionanta ara fully raaolvad. Tha 
•pactral raaolutlon waa aat by raaidual Dopplar broadaning of 100 tfia, 
tranait tlna broadaning of lOO ^fiz»and laaar linavidth jittar of 30 iBx, 

Tha thaoratical fit to tha data pointa waa .aada oaing a GIBS linaahapa 
thaory that includad tranait cina broadaning. Tha cw CABS apactrua wan 
obcainad ualng a 3W argon ion laaar and 100 oW of cw dya laaar input. 

Typical signal count rataa wara 1000 cpa at praaauraa of a faw torr. Tha 
signal lavala wara high dua to tha spactral simplification that raa^llcad 
from tha axpanaion cooling. Signal lavala wara high anough to allow an 
accuraga acaauramant jat flow valccity and tamparatura. 

Thasa rasults iUuatrata tha spactroscopic utility of a simpla staady 
stata suparsonic jat. Tha indapandant control of input prassura and 
backing praasura couplad with position along cha axpanaion axia of Cha 
jat allowa raady accass to a wida ranga of camparacuraa and praaauraa. 

Tha small diamacar Jat pxovidas adaquata intaraction langch for nonlinaar 
spaccroscopy and yat minimiaaa gas consupcion at avan high Mach numbar flows. 
For axampla, cha praaant jat conaumad approximataly 1 boctla of mathana 
for sight hours of oparaclon. 

4. Conclusion 


Ua hava damonstratad that high rasolutlon Baman spaccra of complax 
molaculaa can ba obcainad using a combination of pulsad high paak powar 
slngla axial moda laaar aourcaa and a pulsad suparsonic baam sourca. Tha 
pulsad nozzla raducas cha vacu;im pumping raqulramants by a factor of 10^ 
so chat avan a small 6" diamatar diffusion pump provldas adaqtiata pumping. 
Speccral simplification dua eo axpanaion cooling allows cha Raman spaccra 
of avan complax oolaculas Co ba raaolvad. improves Cha signal"' co-no is a 
laval and incroducas cha possibility of Raman scudlas of oolacular complaxas 
formed by che expansion oroceas. Saturation effects were obaacvad. 
Improvamencs in boch cha pulsad laser sources and che pulsad nozzla should 
greatly enhance cha ease of pulsed suparsonic expansion spaccroscopy. 

Our invescigation of Che fluid flow properties of a steady scace 
supersonic jet has shown Chat cw CAP2 is readily performed in this 
simplest of flows. Tha ease of conacruccion and operation of the steady 
scats supersonic jec should lead to its use in a much wider range of 
spectroscopic studies. 
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CARS iqwetia from a supersonic moieculai beam of ethytene/ar;on mixnitei show a lawifi s^nai ckiiB ra the Q branch 
of the vf vibtaiion of ethylene. The pressuie dependence and scaiine bws for a condenstne mcJeeultr beua indmate that 
it is due to iai|c CjHeAr clutters. Thu e.xperinwnt did not permit the identifkation of die clutters. 


We report the fint direct observation of the Raman 
spectra of molecular clusters using coherent anti- 
Stokes Raman spectroscopy (CARS) in a pulsed mo- 
lecular beam. Such molecules have been the subject 
of increasing inter. -st Experiments investigating <luo« 
rescence ( 1 ] , photoionization [ 2 ] , and nbratlcnal 
pretlissociation (3,4| have been pcrfomied, as well as 
several theoretical treatments [5,61. There is interest 
in obtaining Raman spectra of molecular clusters for 
the determination of their structure. However, be- 
cause they are normally generated in molecular beams, 
at low density, no direct observation using Raman 
spectroscopy lias been reported. 

We have earned out CARS spectroscopy using high 
peak power lasers in a pulsed molecular beam system 
|7,8|. For a molecular beam of eihylene/argon mix- 
tures we have observed structure in the spectra which 
is caused by large molecular cuinplexts of Uu i>>s 
(C 2 H 4 ),,, Ar„. The measured Raman shift is **^.3 
cm~* less than the CiHs 0-biandi vibration at 1623 
an~l . The present measurements to locate and de- 
tect the duster spectrum were carried <jut at a low 
resolution (Ai' = 1.1 cm"h so that the spectral fea- 
tuie appears as a broad peak. 

The apparatus is described in more detail else- 
where (7j.lt consists of an unsuble resonator Nd;YAG 

* Present address; Physikalisches Institut dcr Univcrsitit, 
Hcidelbcry, Wcsi Ocrnii'-y. 

* Prescni address; fakuost lilx Physik tier Universitat, 
r tnburi. ''Vest Cfcrmany. 


laser whidi is pulsed with a repetition rate of 10 l-Iz. 

Its output is amplifled and fre;«iiency doubled to 532 
nm. One ^art of this beam is used as the pomp for the 
CARS process. The oUicr part pumps a three-sttge 
dye amplifier which amplifies the output of a cw dye 
laser and supplies the Stokes piiatons for the CARS 
interaction. Typical pulse energies and ki^ths are 12 
inJ and 10 lu for the S32 nm beam and 2 ci' and 4 
ns lor the dye amplifier output at S82 nm. Tiie band- 
widtlis for the lew-resolution study reported here are 
0.8 cm'"* for both beams. The two laser beams are 
spatially overlapped and focused into a fiee-expansion 
moleculnr beam. The CARS signal, after separadon 
from the laser beams by disporsing elemenu and filter- 
ing, is detected by a pi'otomultiplier, processed in a 
boxcar integmor and pioned on a diait recorder. A 
'imuitaneous plot of the cuipu' of a 10 cm"* free 
spectral runge imerfe-umeter. viiiich monitors the 
scaniimg uyo laser, provides a rclanve freqiie.ncy scale. 

Tlie molecular beam snurce 1 $ a piiised iiozde 
which is described in detail in another paper [9). It is 
synchronized wiiii the pulse d loocf system and supplier 
gas pulses of 100 ys leng*h. The nozzle has a diameter 
of Z) » 0.5 mm. The spectra were taxen at a normal- 
ized distance ofx/D - 7 from the exit of the nozzle. 
The pressure of C 2 H 4 was held constant at 0.27 aim 
and the pressure of Ar svas varied between 1.4 and 4.9 
atm during the measurement:. 

Fig. I shov.'s three the measured spectra with 
argon pressures of 2.2, 2.^ and 4.9 atm. Tiie peak at 
a Raman slui’i of 16.73 cm“* is the unresolved Q 
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brtnch of tht vibration of tht moltcule. lit 
rotational ttructura has batn ractntly rasolvcd with 
our apparatus qptratint in tht hi|h‘(notu*ion modt 
(10). Tht braadtr peak at smalltr Raman shift is aa> 
to (C 2 H 4 )m Ar„ inoltcular compitxcs. Tht 
spacing bttwttn tht two ptaks is 4.8 1 1.l cm~*.Tht 
marks of tht 10 cm~^ inttrfttomtttr art shown on 
top of tht sptctra. Tht width tht intttftromttar 
ptaka indicatts tht sttpwidth of 0.8 cra~* which is 
smalltr than tht rtsoiution of 1.1 cm~^ 

Tht inortast of tht dusttr ptak inttgrattd inttniity 
with increasing Ar pressure can easily bt seen in Og. 1. 
At 2.2 atm of argon, tht s^nal inttnsitits art approxi- 
mately tcpial wiitrtas at 4.9 atm argon pressure tht. 
sigsial from tht(C 2 H 4 ),^Ar„ molecule is more than 
200 timn larger than tht C 2 H 4 Q-branch signal. Al- 
though it is not posstbit to ^culatt tht Raman shift 
of su^ a cluster because of tht large number of par- 
tides and the unknown binding forces, we believe 
that tht ptak is due to a shift tht is vibration of 
C 2 H 4 combined with low-fiequtncy vibrations of 
van dtr Waals bonds. A similar shift wu observed in 
high-pressure sponuntous Raman scattering of H 2 He 
and H 2 Ar coUidon compiexts (1 1 1 as well as in low- 
pressure infrared absorption measurements in mix- 
tures of H 2 with Ar, Kx and Xt [12|. 

An idtniiilcation of tht dusters wes not possible 
for several reasons. Pint, the signal intensity was too 
low to carry out the measuremenu in the free mo- 
lecular flow region of the beam. The spectra shown in 
flg. 1 were taken at a reduced nozzle distance of x/D ■ 
7, where the collision rate in the beam is still high. 

Secondly, it is not possible to measure the masses 
of large dusters accurately in a conventional mass 
spectrometer with electron impact ionization. .Mea- 
surements witli uicrt-gus Justeis have shown that 
large clusters fragment strongly, even at electron en- 
ergies just above the lonuation threshold ( I3|. There- 
fore, s mass spectrometer tends to show a cluster dis- 
tribution N/^ith too small a mean duster size. 

Despite the fact that it wu not possible to mcuure 
the duster mass distribution, we can give some esti- 
mates about the mean duster size. From the spectra 
in fig. 1 It can be seen that die signal due to ethylene 
monomers at 1623 cm~> decreases with increasing 
argon preuure, indicating a decreasing density. Since 
the parual preuure of C 2 II 4 is the same for all mea- 
surements iO.27 atm), the monomer density m the 



FIs. 1. CARS spvctn of a wpenonic mniacultt beam of aa 
MhylcM/ar|oii mtaiaie. The tthyloM petawie wu comunt 
for til matwiamentt (0.27 atmL The peak at 1623 cm*' it 
tht unraaotvad Q braiKh of the vtbndan of C)Ha, the 
put at a smaller Raman ihtft is dM to (CsHalmAta clnsien. 

beam should be the same for a neiMondcnsiitg beam. 
Its dJminuition is therefore caused by cluster forma- 
tion. The spectra show that the monomer density de- 
creases by apprsNumately a factor of two when the 
argon pressure is increased from 2Jt to 4.9 atm tihe 
peak heiglu is proportional to the square of the den- 
sity). Sudi a strong condensation, where ^50^ 01 the 
partidu in the beam are invoived, certainly leads to 
the formation of large dusters 

For large distances from the nozzle, far away fro.m 
the condenution region, the mean cluster size can be 
estimated from scaling laws. It depends mainly on two 
parameters, the product of sugnition preuure and 
nozzle diameter, pO, and the binding ener^ of the 
consutuents of the duster. In our experiment pD ■ 


478 



0RI<i5NAL 

OF 


OUAUTY 


aiEMICAL PHYSICS LETTIRS 


31 NUr 19«3 


Vohimt N. numbct S 

196 Totr cm for the highest pressure. The binding en« 
ergy between two ethylene molecules is 18 meV (1 ') 
and between two Ar atoms 11 meV (IS]. The binding 
energy between an Ar atom and an ethylene molecule 
is not known, but it is certainly of the same order of 
magnitude. With an average binding energy of IS meV 
between two particles in the cluster we calculated a 
mean cluster size of *>3500 atoms and molecules, 
using the scaling laws of Hagena [16|. For clusters of 
this sue formed in a gas mixture of C 2 H 4 and Ar it is 
reasonable to assume that they consist of both specks. 

Since our measurements were performed in the col- 
lision region of the beam, the scaling laws can give 
only an upper limit for the cluster size. The estimation 
of a lower limit is more difficult. The dimer concen- 
tration in strongly condensing beams has normally a 
maximum very close to the nozzle, at x/D •* 2. Further 
downstream small dusters coagulate to larger com- 
plexes. so that ztxfD • 7, where our experiment 
probed the beam, the mean duster size is already large, 
about several hundred partides. This assumption is 
supported by the fact that for distances larger than 9 
ntude diameters the duster signal in our experiment 
dropped rapidly, indicating that the formation of 
dusters stops at this distance, but their number density 
decreases due to the diverging gas beam. This justifies 
the assignment of the signal in our CARS spectra to 
dusters of the type (C 2 H 4 ),„ Ar, with m and n be- 
tween 100 and 1000 . 

With the assumption of many C 2 H 4 molecules in a 
duster, the surprisingly strong signd at 1618 cm 
can be explained. In such a comnle.x the density of 
particles is the same as in a liquid. Since the signal in- 
tensity for the CARS process depends on the squared 
density, only a few percent of clusters in the gas ueam 
are necessary to give the signal ratio of 200 for the 
duster signal to pure ethylene signal, as was observed 
in the measurement at the highest Ar pressure. 

The tightly focused laser beams used in the CARS 
interaction pemiil the invesugation of the density of 
van der Waals molecules at different distances from 
Uie nozzle. For example, for a mixture of 0.27 atin 
C 2 H 4 with 2.2 atm Ar we observed that the CARS 
signal due to the complexes increases strongly from 
xjD * 5-7, indicating that these molecules are formed 
mostly at this distance from the nozzle. .Measurements 
like this open the possibility to study the formation 
process of dusters in molecular beams. 


Attempts to resolve any structure of tlae duster sif- 
nil failed because the signal intensity dece ase d stroag> 
ly with increasiiig resolution (decieasirv bendwidtb of 
the lasers). This decrease in signal is explained by the 
large linewidth of the Raman resonance of the duster, 
which in this case is dl cro~^. We do not have a re- 
liable modd to describe this width, but there are 
many line-broatkning effects in large duceis, e.g. 
combinations of the »2 vibration of ethylene with van 
der Waals vibrations, vibrational predissadatioa [17] 
or distribution of the C 2 H 4 vibrationti energy over 
many van der Waals bonds (18|. 

In condusioa we observed a strong additional peak 
in a CARS spectrum dose to the Q branch of the 1^2 
vibration of ethylene in a molecular bean of ethylene/ 
argon mixtures. It is certainly due to large CiH 4 Ar 
dusters. The meaaired linewidth of >1 cm~^ is ex- 
pUined by the interactions of the partides in the 
duster which behaves like a liquid. The expcrsinent 
did not give much information about the dusters . 
themselves, mostly because we obtained a meanuaUe 
signal only witli a strongly condensing beam which 
contains large dusters of unknown composition. But 
improvements in sensitivity and signal-to-noise ratio 
should be possible in the future, for CARS as wdl as 
for other Raman techniques, making Raman spec- 
troscopy a useful method for the investigation of mo- 
lecular dusters. 
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ABSTRACT 

We have obtained high resolution cu CARS spectra of the 
Q-branch of Methane in an underexpanded supersonic jet at temperatures 
as Low as 31.5 K and pressures below 2 torr. 
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HIGH RESOLirriON cw CARS SPECTROSCOPY 
IN A SUPERSONIC JET 

E.K. Gustafson, J.C. McDaniel and R.L. Byer 


In this letter we report the first high resolution cv CARS spectro- 
scopic measurements in a steady state supersonic jet. The advantages of 
CARS measurements in the jet over Raman spectroscopy in a static cell Include 
spectral simplification due to rotational cooling upon expansion, reduced 
Doppler width, access to a wide range of temperatures and pressures in the jet 
flow, and improved signal- Co-noise. In addition we have observed significant 
transit time broadening as a result of the tight focussing geometry used in 
the present experiment. 

Molecular beam CARS spectroscopy was first proposed and analyzed by 
Duncan and Byer in 1979.^ Recently coherent anti-Stokes Raman spectroscopy 

at low spectral resolution was demonstrated in a N 2 molecular beam by 

2 3 

Huber-Walchli et.al., and at high resolution by Duncan et.al., and Byer and 

4 

Duncan. Raman gain spectroscopy of methane has been achieved in a molecular 
beam by Valentinl et.al. ^ The above experiments used high peak power laser 
sources to overcome the low signal levels which resulted from the low gas 
densities encountered in molecular beam sources. Resolutions were limited Co 
approximately 100 MHz by the Fourier transform limited linewidths of the 
single axial mode pulsed laser sources. 

In contrast to the above experiments, we report high resolution cw CARS 
measurements in a steady state supersonic free expansion Jet, The jet offers 
the advantages of simple construction, high molecular density, and substantial 
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cooling in the is^ntropic expansion zone. The ability to use cw laser 
sources offers the potential of substantially higher resolution Raman 
spectroscopy than possible with high peak power lasers. In the present 
experiment, the linewidth is limited by a combination of residual Doppler 
broadening, transit time broadening and laser linewidth jitter. 

Figure 1 shows a schematic of the cw jet CARS experiment. The pump 
beam Is provided by a 4 watt single axial mode argon Ion laser with a measured 
bandwidth of 30 MHz. The tunable source is a 599-21 Coherent Radiation dye 
laser, and has a 3 MHz bandwidth. Both laser beams are expanded, combined 
with a dichroic mirror, and then focussed with a 3.7 cm lens. The laser spot 
sizes were measured using a mechanical chopper and found to be approximately 
10 microns, but the best fit to the experimental data was produced with spot 
sizes of 12 microns for the pump and 13.5 microns for the dye source. Care 
was taken to match the focal planes of the beams and to center the beam waists 
into the coldest part of the supersonic expansion. The generated anti-Stokes 
beam was collimated with a second 3.7 cm lens and spectrally dispersed from 
the pump and dye beams by a prism and grating, prior to the photon counting 
photomultiplier tube. The computer controlled the dye laser wavelength and 
recorded the spectrum. In Fig. 2 an expanded view of the supersonic jet and 
several spectra are shown. The cooling of the gas as it accelerates away 
from the nozzle is evident from the preferential population of the lower 
J levels. 

The supersonic jet consisted of a ^ mm diameter orifice centered in a 
1 cm X 1 cm glass dye laser cuvette. The jet and surrounding cuvette were 
mounted on an x,y,z stage to allow easy access to various locations along 
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FIGURE 1 — Supersonic jet CARS experimental arrangement 
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FIGURE 2 — Supersonic jet and several spectra of the Q-branch of Methane 
showing the cooling in the expansion region of the flow 
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the axis of the expansion. In this way regions from high temperatures to 
low temperatures could be accessed by physically moving the jet. The input 
pressure was controlled by adjusting the regulator on a standard gas bottle. 

The je t exhaust pressure was controlled through a throttle valve which was 
backed by a pump that provided approximately 10 CFM pumping speed. Typical 
operating pressures were 150 PSI Input pressure and 30- 250 torr backing 
pressure. The gas bottle provided up to eight hours of operation under these 
conditions. Mach numbers of up to 8.2 could be obtained just prior to the 
Mach disc shock front with a corresponding temperature of 24K and pressure of 
less than 0.5 torr. Pressure broadening of spectra taken under these conditions 
was negligible. 

To ensure that the antl-Stokes signal was generated primarily In the 
coldest part of the flow It was necessary to focus tightly. In this tight 
focussing geometry transit time broadening became a significant broadening 
mechanism. Formally, the llnewidth broadening effects were calculated by 
solving for the antl-Stokes field using a Green's function formalism and 
including the time dependence of the molecular positions across the Gaussian 
intensity pump and dye laser beams in the nonlinear driving polarization. 

The power spectral density must be numerically evaluated and is 


Kv) 


+00 

r da 


(3) 


(V + a) K(a , , v) 


( 1 ) 
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where the kernel function K(o, w , w , 

po so 


v) Is given by 


dz R(z,w ,w )exp 
’ po so 


( 2 ) 



where 

w w 

po . so 

t - and t - are the pump and Stokes transit times, 

P V ® V 



are related times and 



written in terms of the pump and Stokes beam Rayleigh ranges^ z and z , The 

P ® 

factor R(z, w , w ) contains Gaussian beam parameters with w and w 

po so po so 

being the pump and Stokes beam spot sizes at the focus. 
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Here third order susceptibility including Doppler 

broadening, a is the frequency variable of integration, v is the molecular 

flow velocity, and v is the CARS frequency variable. 

Figure 3 shows a computer generated plot of the kernel function 

R(a) for several different spot sizes. As the spot size decreases the 

effect of transit tinw broadening increases and the linewidth increases. 

In our experiment the linewidth due solely to transit time broadening is 

llA ^flz. In the limit of zero transit cime broadening the total lineshape 

theory Including Doppler broadening, pressure broadening, and transit time 

broadening reduces to the lineshape thciory of Henesian and Byer.^ 

Figure 4 shows a spectrum taken of the Q-branch of methane in a 

Mach 6.8 .jet at a temperature of 34 R. The temperature was determined by 

the isentropic expansion relations for the supersonic flow. At the higher 

temperatures the higher rotational J values are populated although not 

nearly to the extent evident in previously published spectra of the 

Q-branch of methane, taken at room temperature.^ As the temperature decreased, 

the spectrum simplified to include only the lower rotational components J ■ 0 

to J * 2. The three nuclear spin components. A, E and F, remain at room 

temperature equilibrium ratios of 1:3:5 during the expansion. The measured 

linewidth for J <■ 0 is 204 ^ft{z. The equivalent pressure is less than 2 torr. 

It is interesting to note chat in the inter^'ceion volume, of less Chan 
-8 *-3 

10 cm , Che net number of molecules contributing to the CARS signal is less 

9 

Chan 3 X 10 for a single rotational component. 
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Figuie 4— -CARS theory Including transit time broadening (solid lines), 

CARS lineshape theory without transit time broadening (dashed line) , 
and experimental data (dots) . 







The experimental spectra (dots) shovm in Fig. 4 are well fit by 
the calculated theoretical spectra. Including transit time broadening 
(solid lines) . The dashed curve In. Fig. 4 Is the llneshape excluding 
transit time broadening. The llneshape theory thus included contributions 
from Doppler broadening, 10 MHz of pressure broadening and transit time 
broadening. The pressure and velocity used to evaluate the llneshape 

Integrals were calculated for the jet using the theory of Ashkanas and 

8 9 

Sherman. A temperature of 31.5 tC produced the best fit to the data. 

In our present tight focusing geometry transit time broadening was comparable 

to the residual Doppler broadening of about 100 MHz. 

The calculated llnewldths and peak heights agree well with the measured 
values except for the J * 2 peak. In the linewidth calculations we assumed 
that the A & E nuclear spin components are degenerate for the J » 2 rotational 
level. The measured linewidth is 25 MHz wider than the linewidth of the J * 0. 
and J * 1 levels which suggests that the J =2 nuclear spin components are not 
degenerate but are split by approximately 25 MHz. 

In conclusion, we have demonstrated high resolution cw CARS spectroscopy 
in a supersonic jet expansion. The jet provides a convenient method of 
obtaining molecular cooling at relatively high density. The high density and 
spectral simplification lead to improved signal-to-noise compared to CARS 
spectroscopy in either a static cell or in a molecular beam expansion. We 
have observed transit time broadening and have included it in a generalized 
CARS lineshape expression. 
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The ease of construction and the wide range of temperatures and densities 

accessable in a supersonic Jet make it a generally useful tool for high 

10 

resolution molecular spectroscopy. 
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